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IIyhrid Sin]ulations  of lntcrstdlar  P ick-up  lon Accclcration

at the Solar Wind Termination Shock

Sharadini Rath, P. C. I.icwcr, B. E. Cioldstcin,

Jet Propulsion I~boratory,  Calijbrnia Institute of Technology, Pasadena, CA 91109

Ahtract  Hybrid (kinetic ion/fluid electron) simulations have been used to study sclf-

consistcntly  the acceleration of interstellar pick-up ions at the solar wind termination shock,

RCSUILS  arc prcscntcd  from cmc-dimensional simulations of high Mach number oblique

(400-600) shocks with a 10% population of intcrstcl]ar  pick-up hydrogen. In these

simulations, the pick-up ions, the solar wincl ions, the shock fields  and the waves are all

treated self-consistently. Pick-up ions reflected by the shock excite large amplitude (ATVB -

0.3) upstream magnc(osonic waves. These waves, in turn, scatter the pick-up hydrogen, as

expected in the diffusive shock accclcraticm  process. ~’hc spectrum of excited waves

broaclcns in time. We find that, for the parameters studied, the termination shock efficiently

accelerates the interstellar pick-up hydrogen, A study of accelerated pick-up ion orbits

shows that the energy gain comes predominantly from shock drift acceleration in the shock

front, with the waves aiding the acceleration by allowing multiple encounters with the

shock. Results for the energetic ion fluxes arc compared to predictions of di ffusivc  shock

acceleration theory and show qualitative agreement.

I n t r o d u c t i o n

It has been hypothesized that anomalous cosmic rays (20-300 Mcv) may result from

the acceleration of interstellar pick-up ions at the solar wind termination shock [PCSSCS et

al., 198 1; Jokipii,  1986, 1990].  Interstellar pick-up ions enter the hcliosphcrc as neutrals.

~’hcy  arc ionized and picked  up by the solar wind which can-ics them back out to the

termination shock. “l’he interstellar neutrals (-20 kndscc) have a large velocity relative to the

solar wind (Vsw-400  kndsec) and hence these pick-ups have a much larger energy in the

solar wind frame (-li2mVsw2)  than the background solar wind ions. Thus, they form a

natural higher cncrg y “seed” population for acceleration at the termination shock. ‘l’he

1



largest pick-up component is cxpcctcd  to bc hy(irogcn,  rcpre.scnting  over 10% of the solar

wind ion density if the termination shock is beyond 50 AU. Rcccntly,  Gloccklcr ct al.

[ 1993] have made the first obscrva(ims  of in(crstcllar  pick-up hydrogen.

Ions arc accclcratcd  at a collisionlcss  shocks primarily by two proccsscs  [SCC

reviews Forman and Webb, 1985 and Jones and IHlison, 1991]: shock drift acceleration

and first order Fermi acceleration. In shock drift acceleration, an ion gains energy duc to

the drif~ generated by the gradient in the magnclic field at the shock and the resultant electric

field. In this process, the ion travels along the shock front and gains energy continuously.

in first order Fermi accclcration,  an ion gains energy by scattering bctwccn converging

magnetic fluctuations upstream and downstream of the shock. For parallel shocks, with no

average jump in the magnetic field at the shock, I kmni acceleration is expected to dominate,

whereas in more oblique or quasi-perpendicular shocks, shock drift acceleration is cxpcctcd

to dominate [Jokipii,  1987]. Much of the work on ion acceleration at shocks uses the

standard convection-diffusion cosmic ray transpml equation which contains both of these

effects [Jokipii  ,1982, 1990; Jones and F.llison, 198S]. In such work, the macroscopic

fields and the diffusion cocfficicnt,  which inc]udcs  the wave scattering, arc specified and an

assumed energetic seed population is “injcxted. “”1 ‘hc theory is valid only for isotropic

distribution functions and particles with velocities much greater than any convective speeds

in the problcm and thus cannot bc used to model the acceleration of the freshly picked up

interstellar ions.

Here, wc usc the complimentary tcchniquc  of hybrid parliclc  simulation to study the

acceleration of freshly picked up interstellar ions at the solar wind termination shock. Sclf-

consistcnt hybrid simulations have been used prcvious]y  by Giacalonc  et al. [ 1992, 1993]

and Scholcr [ 1990] to study the acceleration of thermal ions in parallel or ncarl  y parallel

shocks ((11111< 200 where OJ\n is the ang]c bc(wccn the magnetic field and the shock

normal). Wc have cxtcndcd  this previous work to study the accclcraticm of the cncrgctic

pick-up ion “seed” population in oblicluc  (EII]l)  =- 400–600) shocks. In acklitirm,  wc have
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studied the evolution of the spectrum of the upstream waves gcncratcd  self-consistently by

the rcflcctcd pick-up ions; no upstream waves arc injcctcd.

Simulation Model and Pararnctcrs

I’hc hybrid simulation model used here, as WC]] as the assumed termination shock

parameters, have been dcscribcd  in I.icwcr ct al. [1993]. “1’hc code is based on the hybrid

mode] of Winskc and Leroy [1985]. For the studies here, the code was rnodificd  to include

a second ion spccics,  the interstellar pick-up ions, which arc initialized with a spherical

shell distribution in velocity space. For si mplicit y, wc assume a spherical shell velocity

distribution with zero width and a radius equal to the solar wind velocity co-moving with

the solar wind ions. The angle of the termination shock itself will bc highly variable

[Licwcr ct al., 1993]; wc chose (llln = 400-600 degrees because for these angles the field

is parallel enough to allow rcflcctcd ions to move back up stream and cxcitc waves and the

field is perpendicular enough to have a significant jump in the magnetic field at the shock to

make shock drift acceleration important. Also, for these oblique angles, parallel diffusion is

more important than perpendicular diffusion so that the absence of cross-field diffusion

does not invalidate the simulation model [Jokipii  ct al., 1993]. ‘I”hc simulation is done in the

downstream frame. Ions arc injcctcd  from the left of the simulation box and reflect off the

right wall. The shock forms at the right wall and propagates to the left. Rcfhxtcd  ions that

reach the left wall are absorbed. In the simulations below, @pi/~ci  = 7000, &. = 0.5, pi =

0.2, and the fractional density of t}~c  pick-up hydrogen is n#/nO = 10% whcm no is the

initial total density and nop is the initial hydrogen pick-up ion density. These numbers, plus

the angle and math number, characterize the shocks completely and represent values

cxpcctcd  for a solar wind termination shock at -80 AU [1 .icwcr ct al., 1993].

The code uscs dimensionless units with lcng[h normalized to c/~)i  where ~i is the

ion plasma frequency (O+,i 2== 4m~oc2/rnP  with n~P the proton mass), and velocities are

normalized to c. Variation is allowed only in the x (shock propagation) direction and the

mamctic  field is in the v-z, n]anc. The simulation of acceleration to hi ~h encrtzics rccmircsc .  . - ” - - -  .1
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very large simulations. The computation were performed using 32 processors of the 512

proecssor lntcl Dc]ta Touchstone parallel computer at Caltcch and ran about 12 hours.

Typical runs had a time s(cp of 0.025 ~Ci-l,  a system length of 3500 c/(l+i with 7000 grid

points and 1 million particles and ran for 20,000 time steps. For solar wind pararnctcrs  at

abou[ 80 AU, the time step corresponds to about 6 scc and c/~i = 7000 km.

Simulation Results

We will present results from two case studies, charactcrizd  by the angle El~ln

between the magnetic field and the shock normal, and the Alfvcn Mach number MA (the

ratio of the solar wind speed to the Alfven spczd).  Case 1 has OI\n= 400 and MA = 5; Case

2 has O1ln= 500 and MA =8. In both simulations, as the shock propagates, the interstellar

pick-up hydrogen ions are preferentially rcftcctcd by the shock as reported previously

[1.icwcr  ct al., 1993]. A counter streaming instability between these rcflcctcd  pick-up ions

and the background solar wind leads to large amplitude upstreatn  magnctosonic  waves. The

pickup ions arc observed to be further accelerated in these shock and waves fields. The

waves and turbulence arc generated by the, shock, i.e., no waves arc injcctcd  upstream.

~~-O&nLM& Figure 1 shows results from the lower Mach

number Case 1 at times early and late in the simulation. Figure  1 a shows results at t

=150~ci-]. In the top panel, the magnetic field component By(x) vs. x (with B normalized

to the upstream magnetic field magnitude Bo), shows a large amplitude upstream

magnetosonic  wave with peak amplitude ATly/l10 = 0.5. The second panel shows pick-up

ion Vx vs. x phase space with only every 60th ion plot [cd. In this panel, the injcctcd  pick-

up ion “shell” is seen as the band of ions ccntcrcd on vx/c = 5x10-0; some reflected pick-

ups are evident as those with negative Vx. The third panel shows “cncrgctic/reflcct  cd” pick-

up ion phase space Vx vs. x, where “energetic/rcfleztcd” pick-ups arc upstream  ions with

energy greater than 4 times the initial energy in the. solar wind frame (F<) = l/2nIPVSw2

where Vsw is the solar wind speed); all sLIch ions arc plotted. ‘1’hc magnctosonic  wave

structure seen in the By plot is clearly evident in the cncrgctic/rcftczted  ion phase space,
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confirming that it is indeed the rcflcctcd  pick-up ions which arc driving the upstream

instability. These waves propagate upstream at roughly the Alfvcn speed, but arc convcctcd

back towards the shock by the MA = 5 solar wind flow. In Fig. 1 b (t =5 SO@ci-1),  the y

component of the magnetic field By(x), the total magnetic fickl amplitude 111(x)1, and

“cncrgctichcflcctcd”  pickup ion phase space Vx vs. x arc shown. The wave amplit  udc is

comparable to the value at the car] icr titnc, but the waves appear to be much ICSS

monochromatic. Moreover, the cncrgctic  ion phase space shows much lCSS structure, and

higher energy ions are evident, indicating that non]incar  wave-scattering proeesscs  are

playing a significant role.

Figure 2 shows the magnetic fluctuation spectra P(k)=B2(k)/8n vs k, (with k in

units of ~l/c) at the same two times as in Fig. 1 integrated over a region extending 1024

c/~i ahead of the shock. At the early time, tic spectrum is peaked around the value cld~)i

= 0.12. This is consistent with tbcorctical  expectations for the beam-driven ion cyclotron

instability which predicts o) - k*V~ = kPa~VA-Vb)  = -@ci. ‘1’hc beam velocity along the

field, dctcrmincd  from plots of the rcflcctcd  ion v~q,-vpar  phase space, is VtiVA = 12.

With k = kPa~cosOnn, the predicted valued is ck/($,l0 = 0.12 as observed. At later times, the

spectrum has clearly broadened, with more energy going into longer wave length modes.

The broadening of the spectral peak around 0.12 presumably results from the broadening

of the reflected pick-up ion beam observed in the rcflcctcd/cncrgctic  ion phase space in Fig.

1 b, with the longer wavelength modes excited by the more energetic pick-up ions.

In order to understand better the shock acceleration process and the relative role of

wave scattering and shock drift acceleration, “orbits” of the most cncrgctic  ions were

plotted. Two typical ion orbits are shown in Fig. 3 where an individual ion’s energy (in the

solar wind frame) is plotted as a function of,its distance from the shock front x-xsllw~

(negative values are upstream) where x is normalized to c/(~)i.  Ilerc I; = v2/c2  (e.g., energy

is normalized to mPc2/2 = 4.5x108 kcV) and tbc initial pick-up ion energy is ~ = 5x1 O-7

(corresponding to 220 eV). The ion position and energy at the start of the simulation are at
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the bottom left end of the orbit curve. ‘I’his type of plot clearly shows the energy gain from

shock drift accclcration:  the ion stays in the shock front (x-xsllwk = O) and g,ai ns energy

continuous] y. Wave scatlcri ng causes the observed abrupt decreases in energy Ixcausc the

waves arc propagating away from the shock and the rcflcctcd  ions arc overtaking the

waves. (In some cases, wave scatkx-ing  causes an increase in energy, indicating that some

backward propagating waves have been cxcitcd.)  lkom investigation of the orbit plots, wc

concluded that both proccsscs,  wave scattering and shock drift accclcration,  arc important

in accclcrati  ng pick-up ions at the termination shock. Wave scattering is important bwausc

it allows the ions to have multiple cncountcr  with the shock; the actually energy gain comes

from the shock electric field [Jokipii  ,1982, 1987, 1990; Jones and Mlison, 1985]. .

From the study of 65 orbits of the most cncrgctic ions in Case 1, we found that

acceleration resulted primarily from shock drift acceleration at the shock front, where tic

energy gained from shock drift acceleration in a single encounter was often much greater

than the gain from simple specular reflection by the shock. Scattering from upstream waves

was the dominant mechanism for returning ions to the shock front, with downstream

waves playing a srnallcr  role. In many cases, ions stayed quite near to the shock (within

-100 c/@Pi or 5-20 pi where, in our units, pi = Opi/(l)~i  131/2 =

7000  E1/2) and shock drift

acceleration led to large energy gains (up to 20 times their original energy) in only a fcw

such encounters with the shock. In some of these cases, the ions were kept near the s}~ock

by scattering and the very large magnetic fluctuations near the shock front, evident in Fig.

1 b, probably play a major role. The plot on the left in Pig. 3 is onc such orbit. At the first

cncountcr with the shock, the ion moves nearly along the shock front gaining energy from

shock drift acceleration to E - 4x10-c. It then moves upstream about 120 c/~)i  -14 Pi

where it is then scattered back to the shock for a second encounter and energy gain. In

about 60% of the cases, the ions gained their energy in onc or two such encounters. In the

other -4096  of the cases studied, the ions moved a larger (>100 c/(~)i) distance from the

shock before being scattering back or the energy gain came for three or more encounters.
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An orbit  of this type is shown on the right in Fig. 3. The ion has gained 24 times its

original energy, corresponding to an incrcasc  from 220 CV to 5 kcV.

The cncrgctic  particle flux rcsu]ting  from the acceleration proccsscs  and tbc

diffusive shock theory predictions (straight lines) arc shown in Pig. 4 for both Case 1 and

Case 2 (below). Plotted is the differential energy flux dJ(E)/d13 of the cncrgctic/rcflcctcd

ions @ = v2/c2) in a region  (xo+Ji/c = O-1 Ml(l) upstream of the shock. For Case 1, many

ions have been accclcratcd  to E> 10-s (corresponding to >5 kcV), which rcprcscnts an

increase of more than 20 times the initial pick-up ion energy of Fl = 5x10-7. Also shown is

the slope of the flux prcdictcd  by diffusive shock theory

where r is the compression ratio of the shock. This power law is cxpectcd to be valid,

independent of the shock angle [Jones and Ellison,  1991]. Averaging crudely over the large

fluctuation at the shock front, the observed ratio for Case 1 (cf. Fig. 1 b) is r = 2.5 giving u

= 1.5. Diffusive shock theory make no prediction of the magnitude of the differential flux.

Moreover, diffusive shock theory is strictly applicable only for isotropic distribution

functions and particles with velocities much higher than the convective vclocitics,  and these

conditions are certainly violated for the pick-up ion distributions in the simulation.

The above diffusive theory prediction is for the flux behind the shock, whereas wc

have plotted the upstream flux. The flux from the simulation has additional spatial and

temporal variations folded into the curve, but (1IC simulated flux is more or lCSS consistent

with the prcdictcd  slope in the mid-energy rar~gc  where the additional variations are ICSS

important. Diffusive shock theory predicts that the upstream density of cncrgctic  ions

should decay exponentially with distance from tic shock front with the decay length

increasing with ion energy [see review by Forman  and Webb, 1985]. This was studied in

the simulation of Giacalonc ct al. [1993] and, qualitatively, has been observed in these

simulations as WCII.  The much more rapid fall off of the simulation flux than the diffusive

theory prediction may bc partially duc to the folding in of this spatial dcpcndcnce and, in
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addition, partially duc to the finite Icngth and time of the simulation. I Iighcr energy

particles have a longer scattering mean free path and take longer systems ancl times to

accclcratc  thcm.

@X&!-@B~O  iwd.!!l~  For this case with oi~,,=  50° and MA = 8, the

shock is much stronger and the ion cncrgics arc corresponding larger. However, many

aspects are similar to Case 1. Figure 5 shows, for a time late in the simulation, the y

component of the magnetic Iicld B y(x)/llo, the total rnagnctic  field strength 11 (x)/Bo and the

“cncrgctic/rcflcctcd”  pick up ion density n~’rcf (as defined above), normalized to the

upstream pick-up ion density nl’o. The upstream waves have a somewhat larger amplitude

as cxpcctcd  for this higher math number shock with more energetic pick-up ions. Note that”

some of the waves have stccpcncd  into “shocklcls.”  Very large amplitude (AB/BO = 8 )

waves arc also evident just downstream of the shock. The “energetic/reflected” density is

shown to illustrate the efficiency of the shock acce]cration process. In the region just

upstream of the shock, the density of the energetic/rcflcctcd pick-up ions is very high

(10%-30% of the incident pick-up ion energy). Wc attempted to quantify the “injected”

population by fitting an exponential curve to the cncrgctic/rcflcctcd  population, excluding

the variable region at the front. The energetic ion density in the region to the left of x =2000

c/~i can bc pararnctcrizcd  roughly as nI’refix)/n~’O = 0.05exp[(x-2000)/k]  where k =

1700(*200)  c/~)i.  Thus, about 5% of the pick-up ions arc injcctcd  into the acceleration

process.

The energetic particle flux dJ(E)/dE rcsu]ting  from the acceleration proccsscs  and

the diffusive shock theory prediction for Case 2 is shown in the right half of Fig. 4. It can

bc seen that, relative to Case 1, the higher Mach number an lcd to not only an upward shift

in bulk energy, but also a dramatic widening of the flux in the intcrmcdiatc  energy range.

This broadening results from a slower fall off in energy, consistent with the prediction of

diffusive shock theory. For this case the observed overall shock compression ratio (not

including the overshoot) was r = 3.5 (cf. Fig. 5) Siving a = 1.1. In the mid-energy range,
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the observed flux is consistent with the diffusive prediction although. as above, the flux

from the simulation has additional spatial and temporal variations folded into the curve. In

this case, the initial pick-up ion energy was F1-= 1.3x 10-6 (-0.6  kcV). Many ions have been

accclcratcd  to E>6x 10-5 (--30 kcV), representing a 50-fold increase in energy.

Figure 6 shows the magnetic fluctuation spectra P(k) = B2(k)/8n vs k, (with k in

units of c/~i) at two times in the simulation, t~ci =150 and 500, again integrated over a

region extending 1024 c/~)i  ahead of the shock. At the early time, the spectrum is peaked

in the region ck/(+i  = 0.07-0.09. This is consistent with predictions for the beam-driven

ion cyclotron instability for the observed reflected beam velocity of V~A = 18-22. At

later times, the spectrum has clearly broadened, with more energy going into longer

wavelength modes as observed for Case 1 (Fig. 2). The broad enhancement in the spectral

region ck/~i  = 0.02--0.1 is presumably driven by the higher energy reflected pickup ions

accelerated by this MA = 8 shock.

Figure 7 shows the orbits of two of the most cncrgctic  pick-up ions from Case 2,

energy (normalized to mpc2/2) versus distance from the shock (in units of c/(~pi).  13 oth ions

have been accclcratcd  to about 50 times their initial energy (F~=l  .3x 10-6 or -0.6 kcV) to

about 30 keV. A study of 65 of the orbits of the most cncrgctic  ions for this case lcd to the

same conclusions as for Case 1, e.g., the acceleration resulted primarily from shock drift

acceleration in the shock front with the upstream waves aiding the proccsscs by returning

the ions to the shock for multiple encounters. Scattering, from downstream waves was lCSS

important. Many ions studied appear to remain trapped near (within 100 c/~li) the shock

front (either by the fluctuations or the DC fields), acquiring their energy (via shock drift

acceleration) in a small number of encounters with the shock, As in Case 1, in about 60%

of the orbits studied, the ions had only onc or two such encounters with the shock. In the

orbit on the left in Fig. 7, the cnerg,y gain comes from shock drift acceleration in two

“encounters” with the shock. I’he ion on the right gains its energy from about 4 encounters

with the shock.
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Summary and Discussion

Wc have used a hybrid simulation rnodcl to show that interstellar pick-up hydrogen

ions can be effectively accclcratcd at the solar wind termination shock for oblique shock

angl~$.  lhc hybrid simulation model allows a self-consistent treatment of the shock fields,

the solar wind and pick-up ions and the waves and turbulence. Reflected pick-up ions drive

the strong upstrcarn turbulence nccdcd  to support diffusive shock acceleration. At early

times in the simulation, the spectrum is peaked at the mode expected for a rcflcctcd-icm-

beam-driven ion cyclotron instability and the pick-up ion phase shows a well defined

rcflcctcd  beam. As the simulation progresses, the spectrum broadens in time with energy

going to longer wavelengths as the pick-up ions arc accelerated and non-linear wave

scattering becomes important. For strong shocks (/kfA = 8), many ions were accelerated to

50 times their initial energy, representing an incrcasc  from 0.6 keV to 30 kcV for the

parameters used.

A study of orbits of the most cncrg,ctic pick-up ions shows that the primary

mechanism of energy gain is shock drift acceleration at the shock front, with the waves

allowing the ions to make multiple encounters with the shock. The energy gained via shock

drift acceleration in a single encounter can bc much greater than that gained from simple

specular reflection from the shock front. In many cases, large energy gains nxultcd  from

only onc or two interactions with the shock front. Scattering back to the shock from

upstrcams waves was observed much more frequently than scattering from downstream

waves. For our simulations, the wave amplitude, and thus the diffusion cocfficicnt, varies

greatly with distance from the shock. A comparison of rcsu]ts from two different Mach

number simulations showed the energetic particle fluxes arc qualitatively consistent with the

predictions of diffusive shock theory, although diffusive theory is not strictly applicable to

these simulations. At higher cncrgics,  the fluxes fall off more rapidly than the diffusive

theory prediction. This is probably duc in part to the folding in of a spatial dcpcndcncc  of

the cncrgctic  ion densities and in part duc to the finite length and time of the simulation. To
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run simulations large enough and long enough  to accclcratc  particles to actual  anomalous

cosmic ray cncrgics  would bc computationally  prohibitive. Rather, the distribution of the

cncrgctic  pick-ups found in simulations can bc used as the “seed” population to inject into

diffusive shock acceleration models which can than study the acceleration from the tens of

kcV cncrgics found hereto the McV anomalous cosmic ray range.
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Figure Captions

Fig. 1. Results from Case 1 (eRn=  400 and MA =: 5) at times early (a) and late (b) in the

simulation. Magnetic field y component BY(x)/B~  vs. x, pick-up ion Vx vs. x phase space ,

(only every 60th particle plotted), and “cncrgctic/rcflcctcd”  pick up ion density n~’mf

(normalized to the upstream pick-up ion density n~’o) where “cncrgctic/rcflcctcd”  pick-up

ions are upstream ions with energy greater than 4 times the initial energy in the solar wind
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frame. The upstrcarn wave structure can bc clearly seen in both By and the phase space  of

the “cncrgctic/rcflcctcd”  pick-up ions, which drive the waves.

Fig. 2. Power spcctrurn  of the rnagnctic  licld fluctuations P(k)= B2(k)/8n  vs k for Case 1

at times early and late in the simulation with k in units of ~i/c. The peak at early times

agrees with predictions for a rcflcctcd pick-up ion beam-driven ion cyclotron instability.

Fig. 3. “Orbit<’ of two ions from Case 1. Plotted is the ion’s energy (E=v2/c2  in the solar

wind frame) as a function of its distance from the shock front x-xsh~k  (negative values are

upstream). The ion position and energy (%–5x  10-7) at the start of the simulation arc at the

bottom left cnd of the curve. The energy gain from shock drift acceleration is evident: the

ions drift in the shock front (X-X~tl~k = O) and gain energy continuously.

Fig. 4. Energetic ion flux resulting from the acceleration processes and the cliffusive shock

theory predictions for Case 1 and Case 2. Plotted is the differential energy flux dJ(E)/dE of

cncrgctic/rcflectcd ions in a region (x~)i/c  =0-1800) upstream of the shock where E=v2/c2.

The cncrgctic  flux resulting from the stronger shock (Case 2) leads to a broader distribution

with a slower fall off with energy, consistent with diffusive theory predictions.

Fig. 5. Results from Case 2 (O~~n=  5(P and MA = 8) late in the simulation. Magnetic field

component Ily(x)/BO,  the total magnetic field strength B(x)/BO and the “energetic/rcflcctcd”

pick up ion density nprcf, normalized to the upstream pick-up ion density npo.

Fig. 6. Power spectrum of the magnetic field fluctuations P(k)=BQ(k)/8n  vs k for Case 2

at times early and late in the simulation with k in units of ~i/c.

Fig. 7. “Orbits” of two ions from Case 2. Plot[cd  is the ion energy ( E=v2/c2  in the solar

wind frame) as a function of distance from the shock front x-x~h~k  (negative values  are

upstream). Both ions have been accclcratcd  to about 50 times their initial energy to E -

6x10-5, corresponding to about 30 keV.
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